The maize mutant lilliputian is characterized by miniature seedling stature, reduced cell elongation, and aberrant root anatomy. Here, we document that root cells of this mutant show several defects in the organization of actin filaments (AFs). Specifically, cells within the meristem lack dense perinuclear AF baskets and fail to redistribute AFs during mitosis. In contrast, mitotic cells of wild-type roots accumulate AFs at plasma membrane-associated domains that face the mitotic spindle poles. Both mitotic and early postmitotic mutant cells fail to assemble transverse arrays of cortical AFs, which are characteristic for wild-type root cells. In addition, early postmitotic cells show aberrant distribution of endoplasmic AF bundles that are normally organized through anchorage sites at cross-walls and nuclear surfaces. In wild-type root apices, these latter AF bundles are organized in the form of symmetrically arranged conical arrays and appear to be essential for the onset of rapid cell elongation. Exposure of wild-type and cv. Alarik maize root apices to the F-actin drugs cytochalasin D and latrunculin B mimics the phenotype of lilliputian root apices. In contrast to AFs, microtubules are more or less normally organized in root cells of lilliputian mutant. Collectively, these data suggest that the LILLIPUTIAN protein, the nature of which is still unknown, impinges on plant development via its action on the actin cytoskeleton.
INTRODUCTION
Recent advances in plant cell biology identify the actin cytoskeleton as an important tool for both perception of and response to hormonal signals and environmental cues (plant cells: Volkmann and Baluška, 1999; Staiger, 2000; Staiger et al., 2000 ; cells of other organisms: Schmidt and Hall, 1998; Machesky and Insall, 1999; May and Machesky, 2001 ). This new aspect of the actin cytoskeleton, which was originally considered only as a structural support for cytoarchitecture and subcellular motility, opens a new period in cell biology. Higher plants are extremely suitable for studies in this respect, as the immobility of their cells ultimately means that plant development is tightly linked to the immediate environment via coordinated actions of several phytohormones . Intriguingly, actin and its associated actin-binding proteins are encoded by large gene families in plants (Meagher et al., 1999a,b; Gibbon and Staiger, 2000; Dong et al., 2001a; McCurdy et al., 2001) . Signaling cascades communicate between the environment and the plant cytoskeleton, eliciting responses that ultimately lead to developmental patterns adjusted to environmental conditions Staiger, 2000; Staiger et al., 2000) . Differential cell elongation across plant organs is the basic principle underlying morphogenic movements of roots, stems, hypocotyls, coleoptiles, and leaves (e.g., Baluška et al., 1996b; Waller et al., 2000) .
One way to assay putative roles of the actin cytoskeleton in differential cell elongation is to apply specific F-actin drugs. Several studies report that cytochalasin D inhibits rapid cell elongation in plants (Thimann et al., 1992; Waller et al., 2000) . Cytochalasin D binds to the barbed ends of actin filaments (AFs), which then do not grow further and depolymerise due to the inherent loss of monomers at their pointed ends (Cooper, 1987) . Because cytochalasins influence the actin-based cytoskeleton in a complex fashion (Sampath and Pollard, 1991) , complementary drugs acting on the actin cytoskeleton via more straightforward mechanisms are needed. Latrunculins fulfill this criterion (for plant cells, see Gibbon et al., 1999) . They bind tightly to actin monomers, effectively diminishing the pool of polymerizable G-actin in the cytoplasm, leading to the F-actin depolymerization (Ayscough et al., 1997) . Latrunculin B inhibits both root hair tip growth (Bibikova et al., 1999; Baluška et al., 2000b) and cell elongation in the root body (Baluška et al., 2001a) . Interestingly, other plant-specific growth processes, like cytoplasmic expansion and phragmoplast-based division of plant cells, proceed further in root cells devoid of F-actin elements. Long-term absence of AFs, starting from seed germination, results in latrunculin B-induced dwarfism and aberrant tissue anatomy (Baluška et al., 2001a) .
Mutants defective in rapid cell elongation and in organization of the actin cytoskeleton are expected to be valuable tools for detecting individual players which link signalresponsive plant cell elongation to diverse environmental cues. Here, we show that the dwarf stature, impaired cell elongation, and aberrant anatomy of the lilliputian mutant of maize (Dolfini et al., 1999) are closely associated with an aberrantly organized actin cytoskeleton. These results suggest that an impaired actin cytoskeleton is directly responsible for the stunted stature and aberrant root anatomy of lilliputian seedlings. If so, cloning of the lilliputian gene will shed light on how the dynamic actin cytoskeleton functions during rapid cell elongation and orientation of cell division planes in plant tissues.
MATERIALS AND METHODS

Plant Material and Inhibitor Treatments
Due to the seedling lethality or the lack of male inflorescence, maize (Zea mays L.) lilliputian mutant was maintained as a heterozygote. Seeds from a segregating ear were soaked for 6 h and germinated in well-moistened rolls of filter paper for 4 days in darkness at 20°C. Young seedlings were selected for further processing for immunolabeling studies. Mutant primary roots are easily recognized from wild-type roots because of their short lengths and large diameters. If not stated otherwise, all chemicals were obtained from Sigma Chemicals (St. Louis, MO).
For quantitative analysis of pharmacological experiments, which require a high number of seedlings, we used maize (cv. Alarik) obtained from Force Limagrain (Darmstadt, Germany). For these experiments, seedlings with straight primary roots, 50 -70 mm long, were selected for their further processing for immunolabeling studies. Latrunculin B (LB) was used at 10 M. Cytochalasin D (CD) was diluted to a final concentration of 2.5 g/ml from its stock solution. Growing root apices were submerged into either destilled water (control) or drug-containing solutions for 30 and 60 min at room temperature.
Indirect Immunofluorescence Microscopy
Fixation was performed by collecting apical root segments (7 mm) encompassing the major growth zones and submerging them in 3.7% formaldehyde made up in stabilizing buffer (SB; 50 mM Pipes, 5 mM MgSO 4 , and 5 mM EGTA, pH 6.9) for 1 h at room temperature. Following rinsing in SB, the root apices were dehydrated in a graded ethanol series diluted with phosphate buffered saline (PBS). Then, they were embedded in the low melting point (35°C) Steedman's wax (for details see Baluška et al., 1997; Vitha et al., 2000a,b) . Longitudinal sections (7 m thick) were prepared and the most median sections were allowed to expand on a drop of distilled water on slides coated with Mayer's albumen. To enable efficient penetration of antibodies, sections were dewaxed in absolute ethanol, passed through a graded ethanol series diluted with PBS, and then kept in SB for 30 min. After a 10-min rinsing with absolute methanol at Ϫ20°C, the sections were transferred to SB containing 1% BSA for 30 min at room temperature. They were then incubated with actin monoclonal antibody (ICN, clone C4) and actin polyclonal antibody (raised against maize pollen actin, gift from Dr. C. J. Staiger, Purdue University) and diluted 1:200 and 1:100, respectively. Primary antibodies were diluted in PBS supplemented with 1% BSA and applied on sections for 1 h at room temperature. After a thorough rinse in SB, the sections were incubated with FITC-conjugated anti-mouse and anti-rabbit IgGs, diluted 1:100 in PBS containing 1% BSA for 1 h at room temperature. Then, DAPI (1 g/ml) was applied for 5 min to label nuclei. A further rinse in PBS preceded 10 min of treatment with 0.01% Toluidine Blue (diluted in PBS) which diminished autofluorescence of root tissues. The labeled sections were mounted under coverslips by using an anti-fade mountant containing p-phenylenediamine (Baluška et al., 1997; Vitha et al., 2000a,b) . Slides were examined with an Axiovert 405M microscope (Zeiss, Oberkochen, Germany). Photographs were taken on Kodak T-Max films (400 ASA).
Morphometric Measurements
Morphometric analysis of cell sizes was performed exactly as described by Baluška et al. (1990) . All postmitotic cells of the middle cortex having Form Factor values lower than 7 (the side ratio of widths/lengths below 1:2) were considered to be within the transition zone (see Baluška et al., 1994 Baluška et al., , 1996a Baluška et al., , 2001a while cortical cells of the elongation region have their Form Factor values typically between 7 and 17 (Baluška et al., 1990) .
RESULTS
Aberrant Root Anatomy
The most characteristic features of lilliputian root apices are thick root apices, absence of cell elongation, aberrant cell shapes, enlarged intercellular spaces, and twisted cell files ( Figs. 1 and 2 ; see also Fig. 2A in Dolfini et al., 1999) . The first three of these phenotypic features are obvious throughout the root apex although quiescent center and root cap appear unaffected in this respect (compare Figs. 2A and 2B) . In the middle part of the apical meristem and early postmitotic cells (meristem is shown as red field and postmitotic cells as yellow field in Fig. 1 ), aberrant root anatomy is obvious at the first glance (Figs. 2C-2E ). Irregular wavy cell files (Figs. 2C-2F ) and chaotic positioning of nuclei (Figs. 2C-2E) are evident. The most prominent defects in the root anatomy are found especially at the cortex/stele interface (Figs. 2C and 2F) , but other tissues, like metaxylem, are also affected (Fig. 2D ). Thicker roots of lilliputian mutant (Fig. 1) contain more cell files. For instance, the number of cortical cell files increased from 9 to 12. Also, the pericycle of the lilliputian mutant is formed by two to three files instead of one file typical for the wild-type root apices. This feature suggests deregulation of cell division patterns already around the quiescent center.
Absence of Root Cell Elongation
In the maize root cortex, cells start their rapid cell elongation when they attain a Form Factor value of approximately 7 (i.e., width:length ratio of 1:2; for details see Baluška et al., 1990 Baluška et al., , 2001b . All postmitotic cortex cells with their Form Factor values below 7 are considered to be cells of the transition zone (Baluška et al., 1996a ; yellow fields in Fig. 1 ), while those cells having Form Factors values above 7 (green field in Fig. 1 ) are elongating cells. In postmitotic cells, a further dramatic feature of lilliputian root cells is the total absence of cell elongation in the root cortex (Table 1A) and occurrence of only partial cell elongation in the stele (some cells of stele obtain Form Factors higher than 7, data not shown). Absence of cell elongation results in small cells and short roots of the lilliputian mutant (Table 1A) .
The effect of two F-actin-depolymerizing drugs with contrasting mechanisms, cytochalasin D and latrunculin B, mimics the mutant phenotype related to decreased cellular dimensions (Table 1A ). This finding indicates that aberrant F-actin distribution might be the cause for the small size of root cells. Moreover, these actin drugs also increase the number of cells within the transition zone (Table 1B) , suggesting that properly distributed F-actin is critical for the onset of cell elongation.
Distributions of Actin Filaments in Mutant Root Cells
Aberrant cell shape and absence of rapid cell elongation indicate defects in both dynamics and distribution of the root cytoskeleton. Dolfini et al. (1999) suggested that microtubules (MTs) might be affected. We have analyzed both the actin and tubulin cytoskeleton and found that, whereas MTs are only slightly affected, actin filaments (AFs) fail to assemble into prominent arrays detected in wild-type roots (see also Baluška et al., 1997 Baluška et al., , 2000a ) which might be critical for both the spatial organization of division planes and cell elongation Baluška et al., 2000a) .
In meristem and transition zone cells of wild-type root apices (red and yellow fields in Fig. 1A ), cortical AFs are arranged as transverse arrays (Fig. 3A) . Internal AFs form dense baskets around nuclear surfaces from where they radiate out toward the cellular periphery (Figs. 3B). During mitosis, AFs are depleted from the spindle region and the PPB domain, accumulating at cell peripheries facing the spindle poles (Fig. 3C) . Their accumulation at the spindle pole peripheries remains visible throughout cytokinesis while mitotic cells show abundant F-actin also in MT-based phragmoplasts (Figs. 3D-3F). In early postmitotic cells (yellow field in Fig. 1A ), perinuclear AFs increase in their abundance ( Fig. 3G ) and progressively bundle together. In each cell, there are several AF bundles which form a conical array (for a model, see Fig. 5 in Baluška et al., 2000a) by their extending toward, and anchoring at, nongrowing crosswalls and laterally contacting still centrally positioned nuclei (Figs. 3H-3J). When cells start to elongate rapidly (Form Factor values Ͼ7; see green field in Fig. 1A ), these initially straight cables assume a wrinkled appearance (Fig.  3K ). For a more detailed characterization of AFs in diverse cell types of maize roots, see our previous reports (Baluška et al., 1997 .
In mutant roots, AFs are present in all cells (Figs. 4A-4C), but closer inspection reveals that their organization differs in some aspects from the situation described above. In meristematic cells of mutant root apices (red field in (Fig. 4D) Figs. 4E, 4G, and 4C) are never found in wild-type roots. Although the early phragmoplasts are rich in F-actin, the late phragmoplasts often look actin-depleted and these typically show twisting (Fig. 4G ) which leads to chaotic division planes (Figs. 2D and 2F ). Nevertheless, some cells still manage to perform more-or-less normal transverse cytokinesis (Fig. 4H) .
In postmitotic root cells (yellow field in Fig. 1B) , the most dramatic difference observed when lilliputian cells are compared to wild-type cells is the aberrant organization, or even absence, of inverted conical AF bundles (compare Figs. 4I-4K with Figs. 3G-3K). Cross-walls and nuclear surface still assemble dense AFs but these fail to organize into characteristic bundles and course chaotically through postmitotic cells (Figs. 4I-4K ). We never found transversely arranged cortical AFs in mutant root cells as observed in wild-type cells (Fig. 3A) . In the root cortex, both larger and 
F-Actin Is Resistant Towards Latrunculin B in Stele Cells of Mutant Roots
In order to test the dynamic nature of F-actin arrays in mutant versus wild-type cells, we compared F-actin depolymerization in wild-type and mutant root cells exposed to latrunculin B. This powerful drug binds to G-actin monomers altering their conformation (Morton et al., 2000) in such a manner which precludes their availability for further polymerization events (Ayscough et al., 1997 ; for plant cells see Gibbon et al., 1999) . In wild-type roots, all cells depolymerized F-actin arrays leaving behind only diffuse fluorescence of G-actin/latrunculin B complexes which often accumulated within nuclei (Figs. 5A and 5B) . Surprisingly, postmitotic stele cells of mutant roots do not depolymerize their AFs and even show enhanced bundling (arrowheads in Fig. 5C ). In postmitotic cells of the stele-cortex interface, partial disassembly of F-actin and nuclear accumulation of G-actin is obvious (Fig.  5D ). Almost complete depolymerization of F-actin was recorded in the cortex of mutant root apices (Figs. 5E and 5F).
Distribution of Microtubules Is Not Affected in Mutant Cells
In contrast to the aberrantly organized AFs (see above), microtubules (MTs) appear more-or-less normally distributed throughout mutant root apices. The minor abnormalities observed (shifted and oblique mitotic spindles, twisted phragmoplasts, and premature transverse-to-oblique switch of cortical MTs) seem to be an indirect consequence of primary effects on the actin cytoskeleton and cell elongation. In the meristem cells, all MT arrays are assembled and preprophase bands (PPBs) show a correct spatial distribution (Figs. 6A and 6B ). Mitotic spindles assemble correctly but fail to maintain a proper orientation parallel with or transverse to the root axis, and are shifted into various degrees of obliqueness (Fig. 6B ). This causes chaotic distributions of cell walls ( Fig. 5D ; see also (Fig. 6I) . Moreover, spatial arrangement of cortical MTs (see Fig. 6J for wild-type) appears to be unaffected in lilliputian root cells (Figs. 6K and 6L ). Depolymerization of all AFs with latrunculin B (Fig. 6E ) in wild-type induces twisting of phragmoplasts within 30 min (Figs. 6F and 6G) and young walls formed in the absence of AFs resemble those of the lilliputian mutant (Fig. 6I) . Moreover, a premature (closer to the root cap junction, see Baluška et al., 1992 Baluška et al., , 1996c ) switch from the transverse-to-oblique arrangements of cortical MTs is typical for latrunculin B-treated roots (Fig. 6M ). Oblique phragmoplasts (Figs. 6H) , premature transverse-to-oblique switch of the cortical MTs, and chaotic distribution of cross-walls (although not to such extent as found in lilliputian root apices, data not shown)-all this can be induced also with cytochalasin D.
DISCUSSION
Developmental plasticity of higher plants is tightly linked to a process of extensive cytoplasmic vacuolization during rapid cell elongation, which accounts for the remarkable size of plants. Sequoia trees, for instance, achieve huge dimensions using a relatively low number of cells (Cosgrove, 1987) . In maize root apices, F-actin is essential for both the onset and the successful accomplishment of plant cell elongation (Baluška et al., 1997 (Baluška et al., ,b, 2001a Volkmann and Baluška, 1999; Š amaj et al., 2000) . Moreover, genetic studies demonstrate that two ubiquitous actinbinding proteins critical for dynamics and assembly state of F-actin in plant cells, profilin and actin depolymerizing factor (Staiger et al., 1997) Cytochalasin D 6 h:
Note. (A) Cell lengths and volumes obtained in the root cortex in the basal part of the growth region (6 -9 mm from the root cap junction; located within the green field of wild-type and the yellow field of mutant root apices as indicated in Fig. 1 
). Numbers within brackets represents wild-type cells having Form Factor values 7.
Note. (B) Number of cells within and size of the transition zone. Postmitotic cells having their Form Factor values below 7 were considered as cells of the transition zone (see Materials and Methods). For pharmacological treatments, we used roots of cv. Alarik (for further details on the morphometry methodology, see Baluska et al., 1990 Baluska et al., , 1994 Baluska et al., , 1996a Baluska et al., ,b, 2001b . Values in (A) are means Ϯ SD.
2001b; McKinney et al., 2001) . Interestingly, long-term depolymerization of AFs throughout postembryonic development results in dramatic seedling dwarfism in Arabidopsis and other plant species (Baluška et al., 2001a) .
Here, we have taken advantage of the stunted seedlings of maize mutant lilliputian, cells of which are unable to perform effective elongation, to gain a deeper insight into mechanisms of this interesting phenomenon. We report that lilliputian postmitotic cells fail to properly assemble transverse cortical AFs (Collings and Allen, 2000; Blancaflor, 2001 ) and conical bundles of AFs , both of which relate with absence of cell elongation. Moreover, meristematic root cells from the mutant lack cortical F-actin and show incorrect redistribution of AFs during mitosis, apparently causing defects in the spatial alignment of their division planes (for the importance of cortical AFs for division planes, see Cleary, 2001 ).
Postmitotic Cells of lilliputian Roots Do Not Elongate and Show Chaotic Organization of AFs
The most characteristic feature of the lilliputian mutant is an absence of vacuome-based cell elongation (Dolfini et al., 1999) . Thicker mutant roots are formed by higher number of cell files, whereas cellular widths increase only slightly. This lack of cell elongation results in markedly reduced cell volumes. Our previous data, corroborated by the results presented here, demonstrate that AFs are essential for the onset and performance of the rapid vacuomebased cell elongation (Baluška et al., , 2001a . Using two complementary F-actin drugs that act either on barbed ends of AFs (cytochalasin D) or on G-actin monomers (latrunculin B), we show that depletion of AFs inhibits the onset of rapid cell elongation in the wild-type root cells (Baluška et al., 1997; Volkmann and Baluška, 1999; Š amaj et al., 2000) . The present study identifies conical AF bundles of postmitotic cells traversing the transition zone (Baluška et al., 1997 (Baluška et al., , 2001b as one of the key F-actin arrays that is aberrantly organized, or even missing, in postmitotic cells of lilliputian. Another F-actin array that is missing in the early postmitotic root cells of lilliputian, and possibly is involved in the rapid cell elongation too, is the cortical the outer cortex and these usually succeed in symmetric cytokinesis (F-actin-enriched late phragmoplasts are marked with arrowheads). F-actin which is organized in form of arrays transverse to the root axis and parallel to cortical microtubules (Collings and Allen, 2000; Blancaflor, 2001) .
Our immunofluorescence data suggest that the conical AF bundles are under tension (Baluška et al., 1997 . A good candidate for generating this tension is plant myosin VIII, which is plasma membrane-associated (Reichelt et al., 1999; Reichelt and Kendrick-Jones, 2000) and is abundantly localized at cross-walls of transition zone . In accordance with this notion, actomyosin forces have been implicated in the onset of rapid elongation of root cells (Baskin and Bivens, 1995; Baluška et al., 1997 Baluška et al., , 2000a Volkmann and Baluška, 1999; Š amaj et al., 2000) using an inhibitor of myosin ATPases 2,3 butanedione 2-monoxime (Tominaga et al., 2000) . Moreover, auxin efflux carriers are also localized to these cross-walls (Gä lweiler et al., 1998; F.B., K. Palme, D.V., unpublished data) and F-actin appears to interact either directly with these transmembrane proteins or with their associated proteins (Butler et al., 1998; Muday, 2000 Muday, , 2001 . All this allows us to put forward a speculative, but testable, proposal that F-actin organized in form of inverse conical bundles and cortical submembraneous arrays puts the plasma membrane under high tension which culminates, after activation of putative stretchactivated channels of root cells (for leaf cells, see Cosgrove and Hedrich, 1991; Ding and Pickard, 1993) , in the sudden onset of rapid cell elongation.
Aberrant Cell Division Planes in lilliputian Roots
Besides showing absence of elongation, lilliputian root cells also show defects in the spatial regulation of cytokinesis, with transverse walls being often crooked or curved. Similar abnormalities of cell wall deposition are observed in cells of emb30/gnom mutant of Arabidopsis (Mayer et al., 1993; Shevell et al., 1994) and in leaf cells of the tangled mutant of maize (Smith et al., 1996; Cleary and Smith, 1998) . In addition, aberrant root anatomy, closely resembling that of lilliputian, was reported for the pigmy mutant (Byer, 1958) which is allelic to tangled mutant. Chaotic division planes found in roots of lilliputian plants are a likely consequence of altered actin cytoskeleton organization because it is known that F-actin is essential for spatial control of cytokinesis in plants (reviewed by Volkmann and Baluška, 1999; Schmit, 2000) . In fact, our previous study confirmed disturbances to division planes in root cells depleted and/or devoid of F-actin (Baluška et al., 2001a ) and here we document that latrunculin B and cytochalasin D induce rapid (within 30 min) twisting of phragmoplasts.
Plant cytokinesis consists of several sequential events, starting with the assembly of early phragmoplasts between daughter nuclei. Our data show that preprophase bands (PPBs) of MTs and mitotic spindles assemble normally in meristematic root cells of lilliputian, but that late phragmoplasts are defective in their advancement towards PPBmarked cortical domains. In this respect, lilliputian resembles discordia mutant cells, which assemble normal PPBs but fail in the orientation of late phragmoplasts during asymmetric divisions (Gallagher and Smith, 1999) . Importantly, this phenotypic feature of the discordia mutant is mimicked by cytochalasin D, supporting the critical role of intact AFs in the spatial organization of late phragmoplasts. In contrast, the tangled mutant of maize shows spatial defects both in PPBs and phragmoplasts (Smith et al., 1996; Cleary and Smith, 1998 ) and a recent study identifies MTs as the primary cytoskeletal target of tangled (Smith et al., 2001 ).
An attractive possibility is that AFs, present within the phragmoplast throughout cytokinesis, play a mechanical role of stabilisation for this robust cytoskeletal assemblage (see Cleary, 2001) . In support of this, we report here that late phragmoplasts depleted of AFs lose their characteristic flat form rapidly. Effective disintegration of AFs with drugs also leads to twisted and branched phragmoplasts resulting in chaotic division planes (Palevitz and Hepler, 1974; Gunning and Wick, 1985; Cho and Wick, 1990) . But there are also other possibilities to explain how an aberrantly organized actin cytoskeleton is responsible for skewed cell walls. The leading edges of the centripetally advancing cell plates organize short dynamic AFs which obviously interact with PPB-imprinted docking sites at the parent cell walls (Endlé et al., 1998) . Microinjection of dividing Tradescantia stamen hair cells with high toxic doses of labeled phalloidin, so-called "snap-shot" approach, allowed visualization of this elusive process, when fine AFs interconnected docking edges of cell plates with distinct F-actin patches within the actin depleted PPB zone (Valster and Hepler, 1997) .
F-Actin Drugs Phenocopy Aberrant Phenotypes of lilliputian Roots
Altogether, our data suggest that the lilliputian gene plays an essential role in the rapid cell elongation and in the spatial control of cell division planes. Our immunofluoresence study indicates that these morphological impacts are mediated via dynamic actin cytoskeleton, the latter representing the primary cytoskeletal target of the lilliputian gene in root apices. This conclusion is further substantiated by the fact that these phenotypical features of the lilliputian mutant are partially phenocopied with two F-actin drugs-latrunculin B and cytochalasin D. Surprisingly, postmitotic stele cells of lilliputian roots turned out to be resistant towards latrunculin B suggesting that either their F-actin arrays might be overstabilized with other actinbinding proteins (for plant fimbrins, see Kovar et al., 2000) or their G-actin is less sensitive to latrunculin B. Both of these notions are strongly supported by the present study documenting that many postmitotic stele cells of the latrunculin-treated mutant roots show enhanced bundling of their AFs. Overstabilization of AFs in mutant root cells might be a plausible explanation for the aberrant organization of F-actin arrays. In fact, jasplakinolide which stabilizes AFs in vitro causes aberrant and depleted organization of AFs in diverse cells in vivo (for plant cells, see Sawitzky et al., 1999 ; for animal cells, see Bubb et al., 2000) . Overstabilized AFs could also contribute to the chaotic division planes in lilliputian root apices as cross-talks of positional signals between the PPB-marked cortical sites and docking phragmoplasts rely on inherent actin dynamics (Gimé nez- Abián et al., 1998) operating near the plasma membranecell wall interface (Cleary, 2001) .
Microtubules Are Not Affected in Root Cells of lilliputian Mutant
In contrast to the actin cytoskeleton, root cells of lilliputian mutant assemble functional MT arrays comparable to the wild-type MT cytoskeleton at all stages of the cell cycle. The only exception are cytokinetic phragmoplasts which are often twisted. However, this seems to be only a consequence of the primary defects in the actin cytoskeleton, since F-actin drugs also induce twisting of phragmoplasts. Similarly, the absence of transverse cortical AFs in mutant root cells may be the cause for premature switch of cortical MTs from transverse into oblique arrays. In cells of azuki bean epicotyls, cytochalasin D was shown to speed up the reorientation cycle of cortical MTs from transverse, via oblique, into longitudinal arrays (Takesue and Shibaoka, 1998) .
The lilliputian mutant of maize differs from the root morphology mutants of Arabidopsis which fail to show clear cell elongation due to impaired organization of cortical MTs (Baskin et al., 1992; Hauser et al., 1995; Traas et al., 1995; Lloyd, 1995; Fisher et al., 1996; McClinton and Sung, 1997; Bichet et al., 2001; Burk et al., 2001) . However, root cells of these mutants are more-or-less proportionally shorter and wider. In other words, their cells show a shift in the orientation of cell expansion rather than inhibition of cell expansion as reported in the present study for lilliputian. Nevertheless, the common point of all these mutants is the disturbance to cell division planes which relates to defects in proper assembly and directed advancement of phragmoplasts.
Perspectives
Several features of the lilliputian mutant resemble those reported for emb30/gnom mutants of Arabidopsis (Mayer et al., 1993; Shevell et al., 1994; Weigel, 1994) . For instance, Shevell et al. (1994) reported that mutation of the EMB30 gene results in aberrant cell division planes, abnormal cell shapes, short cells, and higher number of cellular files which fail to properly organize. The actin cytoskeleton has not been analyzed in cells of these mutants, but our prediction would be that their F-actin organization is affected. The GNOM gene encodes guanine-nucleotide exchange factor for ADP-ribosylation factor G protein (ARF GEF) which plays a critical role in the polarized distribution of auxin efflux carrier PIN1 (Steinmann et al., 1999) . We have preliminary data on abnormal subcellular distributions of maize homologue of PIN1 in lilliputian root cells suggesting defects in auxin efflux also for cells of lilliputian roots (F.B., K. Palme, D.V., unpublished data). This important finding suggests that auxin efflux machinery could be relevant for both organization of the actin cytoskeleton and rapid cell elongation, while, on the other hand, F-actin appears to be critical for maintenance of polarized distribution of auxin efflux carriers. These bidirectional interactions between auxin and actin are supported by a number of recent reports (reviewed by Muday, 2001) . Moreover, recent studies on BY-2 suspension cells of tobacco revealed that auxin efflux inhibitor TIBA lowers the number of elongating cells in a concentration-dependent manner indicating that auxin efflux is critical for the onset of cell elongation (Vissenberg et al., 2000) . Interestingly in this respect, antisense suppression of putative auxin receptor ABP1 in these cells induces cellular clumps instead of ordered cell files and prevents their auxin-induced cell elongation (Chen et al., 2001) .
